Conclusion: Development of inpatient hyperglycemia after kidney transplantation in nondiabetic patients significantly increased the risk of NODAT. Additionally, we observed a significantly increased risk of cardiovascular events in patients who developed NODAT.
N ew onset diabetes mellitus after transplantation (NODAT) is a frequent and serious complication after kidney transplantation (1-3) with negative consequences on long-term graft and patient outcomes, quality of life, and health care costs (1,2,4 -6) . Rates of NODAT have been reported as high as 50% (7), but more recent studies suggest a 1-year cumulative incidence between 15% and 25% (1) (2) (3) . Some of the reasons for the wide dispersion in the reported incidence of NODAT include lack of uniformity in diagnostic criteria and variations in immunosuppression protocols and study cohorts.
While NODAT traditionally is diagnosed during the outpatient phase of care (i.e., after hospital discharge), hyperglycemia among patients with no previous history of diabetes may become evident as early as in the immediate posttransplant inpatient period. Our recent report is among the first to describe the issues related to inpatient hyperglycemia in the immediate posttransplant period after kidney transplantation (8) . In that analysis, 87% of 319 nondiabetic patients admitted for their first kidney transplant had at least one episode of inpatient hyperglycemia following surgery, and 66% were administered insulin on the day of hospital discharge (8) . It is not clearly known whether inpatient hyperglycemia identified during the period immediately after kidney transplantation among patients with no history of diabetes is a transient problem that results from stresses associated with surgery, hospitalization, and immunosuppression, or whether it poses a risk for future NODAT. If inpatient hyperglycemia is associated with future NODAT among patients with no history of diabetes before transplant, then based on our previous analyses, a substantial number of patients could be at risk for developing NODAT. Recognition of this risk for NODAT while patients are still in the hospital could allow planning for early outpatient intervention or even prevention. We conducted a retrospective analysis in a cohort of kidney transplant recipients with no known history of dia-betes mellitus to explore the prognostic value of inpatient hyperglycemia for development of future NODAT. Additionally, we analyzed selected transplant outcomes among patients who had evidence of posttransplant inpatient hyperglycemia.
Materials and Methods

Study Cohort
We conducted a retrospective observational study of all adult, nondiabetic patients undergoing a first kidney transplant at the Mayo Clinic Arizona between June 1999 and January 2008. All patients had at least a 1-year follow-up posttransplant. After Institutional Review Board approval, we identified the study cohort by conducting a systematic chart review. Available data included demographics (i.e., age, sex, and race/ethnicity), family history of type 2 diabetes mellitus (T2DM), dialysis history (duration and modality), pretransplant hepatitis C seropositivity, donor type (living or deceased donor), immunosuppression therapy after transplantation, and body mass index (BMI) pre-and posttransplant. Diabetes status before transplantation was documented as reported in the form submitted to United Network for Organ Sharing (no prior diagnosis of diabetes mellitus and not on prescribed diet or medications for diabetes mellitus). Additionally, all patients had a fasting plasma glucose Ͻ 126 mg/dl and hemoglobin A1C (HbA1C) Ͻ 6.5% before transplant.
Postoperative Management after Kidney Transplantation
Patients typically undergo kidney transplantation within a few hours of hospital admission. After transplantation, patients are given intravenous fluid with normal saline (replacing 1 ml per 1 ml urine output for the first 24 hours, after which the rate is reduced to 0.5 ml per 1 ml urine output), which is discontinued once the patient is able to tolerate adequate oral intake. A clear liquid diet is prescribed on postoperative day 1, and the diet is advanced as tolerated to an appropriate diet (usually a regular diet for those with no history of diabetes before transplant). Before June 2003, we used a steroid-based maintenance immunosuppression. After June 2003, we used a rapid steroid withdrawal maintenance immunosuppression except in those patients who require prednisone for nontransplant indications or who are at high risk for rejection (complement-dependent lymphocytotoxic crossmatch and/or flow cytometric crossmatch positive and/or donor-specific antibody positivity); thus, the cohort included both patients prescribed and not prescribed maintenance prednisone. The standard immunosuppression includes induction therapy with either rabbit antithymocyte Ig or basiliximab among all patients on rapid steroid withdrawal protocol and some patients who were continued on maintenance steroids. All patients receive a 5-day tapering course of glucocorticoids (methylprednisolone intravenous 500 mg on day 1, 250 mg on day 2, and 125 mg on day 3, followed by oral prednisone 60 mg on day 4 and 30 mg on day 5, then discontinued if on the rapid steroid withdrawal group). Patients who require ongoing steroid therapy receive the same initial 5-day corticosteroid with a subsequent tapering of prednisone over 8 to 12 weeks to maintenance of 5 mg prednisone. Tacrolimus is initiated when there is more than a 30% drop in serum creatinine. The day of tacrolimus initiation is variable for each patient. However, all patients, including those with delayed graft function, begin therapy with tacrolimus before discharge. Mycophenolate mofetil and tacrolimus are the maintenance immunosuppressants.
Definition of Inpatient Hyperglycemia Post-Kidney Transplant
Bedside capillary blood glucose monitoring is typically conducted on patients four times a day using an ACCU-CHEK ® Inform (Roche Diagnostics, Indianapolis, IN), an instrument that scans and records patient identification from a bar code, followed by direct downloading to our laboratory database. Insulin is begun at the discretion of the physician and may be prescribed as short acting insulin only or as a basal-bolus regimen of long plus short acting insulin. Our institution utilizes different blood glucose thresholds at the discretion of the care provider to initiate administration of corrective insulin therapy. Available bedside capillary blood glucose tests are from the first, last, and median day of hospitalization. Inpatient hyperglycemia posttransplantation was defined in two ways: (1) bedside capillary glucose Ն 200 mg/dl on at least one measurement or (2) the administration of insulin therapy at any time during the hospital stay. The kidney transplant database was linked by patient identifiers to our electronic laboratory database to retrieve information on bedside glucose values and insulin administration by methods described previously (8 -10) .
Definition of NODAT
Historically there is lack of uniformity in definition of NODAT across studies; very few centers use the American Diabetes Association (ADA) diagnostic criteria, while other centers diagnose NODAT only after the introduction of insulin or oral therapy. We used composite criteria to define NODAT: Either HbA1C Ն 6.5%, fasting venous serum glucose Ն 126 mg/dl, or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation. An HbA1C level of Ն 6.5% has been adopted by the ADA as a diagnostic criterion for diabetes (11) . Additionally, we also conducted analyses defining NODAT as: (1) HbA1C Ն 6.5% or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation and (2) fasting venous serum glucose Ն 126 mg/dl or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation. For purposes of this manuscript, unless specified, NODAT refers to our composite criteria definition of NODAT. HbA1C determinations were performed on a Roche Cobas 6000 chemistry analyzer (Roche Diagnostics). The HbA1C determination is based on turbidimetric immunoinhibition (TINIA) using a hemolyzed whole blood sample. All hemoglobin variants that are glycated at the B-chain N-terminus and which have antibody-recognizable regions identical to that of HbA1C are measured in this assay. HbA1C is standardized against the National Glycohemoglobin Standardization Program.
The time period (between 1 and 12 months posttransplant) for development of NODAT was chosen because patients are clinically stable and on stable doses of immunosuppression by 4 weeks after transplantation, and this period excludes patients who may have developed transient hyperglycemia only in the immediate posttransplant due to stress of surgery and high-dose corticosteroid therapy. Additionally, the highest incidence of NODAT occurs within the first year posttransplant (2,4).
Data Analyses
We conducted baseline descriptive analyses of the study cohort. Normally distributed continuous variables were compared using t tests, and non-normally distributed variables were compared using the Wilcoxon rank sum test. The 2 test was used to compare proportions.
Both unadjusted and adjusted logistic regression models were used to determine risk conferred by inpatient hyperglycemia (anytime during hospital stay) and patient characteristics on the development of future NODAT. Because 66% of patients in the previous study had hyperglycemia or were prescribed insulin during the last day of the hospital stay (8), we also assessed the relationship of hyperglycemia at discharge and NODAT. Finally, we assessed the association of the total number of units of insulin required during the hospitalization to the development of NODAT. The incidence rates of postsurgical wound complications (including wound dehiscence, wound infection, and wound hematoma), infections within 4 month posttransplant, cardiovascular events, and overall graft and patient survival among patients with and without hyperglycemia were studied in relation to inpatient hyperglycemia and NO-DAT. Statistical analyses were conducted with Stata ® statistical software, version 10.0 (StataCorp LP, College Station, TX).
Results
From June 1999 to January 2008, 377 previously nondiabetic patients underwent kidney transplantation. Patient characteristics are described in Table 1 . Median hospital stay after transplantation was 4 days. The maintenance immunosuppression is predominantly calcineurin-based: 93% and 86% were prescribed tacrolimus at 4 and 12 months posttransplant, respectively.
The 1 year (between 1 month and 1 year posttransplantation) cumulative incidence of NODAT using the composite definition was 27% (n ϭ 103). Using the second definition of NODAT, either HbA1C Ն 6.5% or receiving diet or medical therapy for diabetes mellitus, the incidence was 17% (n ϭ 65). Using the third definition of NODAT, either fasting venous serum glucose Ն 126 mg/dl or receiving diet or medical therapy for diabetes mellitus, the incidence was 25% (n ϭ 96). As shown in Table 2 , 349 (92.5%) patients met our definition of inpatient hyperglycemia, 327 (86.7%) were prescribed insulin on at least one occasion during the posttransplant hospitalization period, and 249 (66%) patients were hyperglycemic or prescribed insulin therapy on the day of hospital discharge. There were no significant differences in the demographic distribution, pretransplant BMI, triglyceride, and family history for T2DM among those who did or did not experience inpatient hyperglycemia.
Only a small number of patients without inpatient hyperglycemia (1 of 28, or 4%) developed NODAT, compared with 102 of 349 (29%) of those with inpatient hyperglycemia (Table 2) . Only 22 patients with inpatient hyperglycemia did not receive insulin therapy, of whom 4 (18%) developed NODAT.
In a separate analysis, we examined the relationship between cumulative insulin doses received in the hospital with NODAT risk. Insulin requirements during hospitalization were positively associated with risk of NODAT (Figure 1 ). There was a 2. 4 a Cumulative composite definition of NODAT: NODAT was defined as either hemoglobin A1C Ն 6.5% or fasting venous serum glucose Ն 126 mg/dl, or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation.
b NODAT defined as either hemoglobin A1C Ն 6.5% or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation.
c NODAT defined as either fasting venous serum glucose Ն 126 mg/dl or receiving diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation.
d NODAT defined as initiation of diet or medical therapy for diabetes mellitus between 1 month and 1 year posttransplantation.
3.9; P Ͻ 0.001) of future development of NODAT if a patient had required more than or equal to a total of 20 units of insulin during hospitalization compared with those not requiring insulin.
In unadjusted analyses (Table 3) , inpatient posttransplant hyperglycemia was significantly associated with NODAT. Similarly, the presence of hyperglycemia or insulin therapy at discharge was significantly associated with NODAT. Greater age, steroid therapy, and greater BMI also increased the risk for NODAT (Table 3) . Gender, race, pretransplant dialysis modality (hemodialysis [HD] versus peritoneal dialysis [PD]), hepatitis C seropositivity, and mean trough tacrolimus level at 1, 4, and 12 months were not statistically significant predictors.
In adjusted analyses, inpatient posttransplant hyperglycemia was significantly associated with an over 4-fold increase in NODAT (Table 4) . Greater age, BMI, and steroid therapy also remained as significant predictors. Similarly, hyperglycemia at hospital discharge also predicted NODAT (RR, 3.00; CI, 1.5 to 5.98), adjusted for age, pretransplant BMI, on steroid therapy, tacrolimus trough levels, and presence of family history of T2DM. There were no significant differences in incidence rates of surgical wound complications, infectious complications, and 1-and 3-year patient survival among those with and without inpatient hyperglycemia. Similarly, there was no statistically significant increase in the rates of surgical wound complica- Figure 1 . Relationship of blood glucose and insulin requirement immediately after kidney transplantation to the incidence of NODAT. Inpatient hyperglycemia defined requirement of insulin therapy during hospitalization.
tions, infections, and 1-and 3-year patient survival among those who did and did not develop NODAT. However, cardiovascular events (computed as a composite of angina, myocardial infarction, new onset arrhythmia, or sudden death attributed to cardiovascular causes) within 1 year occurred in 13% (13/103) of the patients who developed NODAT versus 6% (16/274) (P ϭ 0.03) of patients without NODAT and among 8% of patients with inpatient hyperglycemia versus 4% (P ϭ 0.29) of those without inpatient hyperglycemia.
Discussion
Kidney transplantation is the best therapy for end-stage renal disease (12) . However, NODAT undermines the benefits of transplantation by decreasing allograft and patient survival and quality of life (1,2,4,5) . Moreover, it has been estimated that NODAT incurs an extra incremental Medicare payment of $21,500 per patient by 2-years posttransplant (4). We found a high prevalence of hyperglycemia in this population without a known history of diabetes. The reason for the high prevalence of inpatient hyperglycemia and need for insulin is likely a combination of stress and medications, but the pathophysiology of hyperglycemia in the acute care setting in this population has not been studied, to our knowledge, and certainly warrants investigation.
Although investigators have typically diagnosed and studied NODAT after hospital discharge (1-7,13). Kuypers et al. evaluated hyperglycemia on the first postoperative day after kidney transplantation as a risk factor for future NODAT (14) . They found, by multivariate analysis, that hyperglycemia on the first postoperative day was not a risk factor for NODAT in patients on maintenance prednisone. They also performed a 2-hour oral glucose tolerance test on the fifth postoperative day in this cohort and found, by multivariate analysis, that impaired fasting glucose, impaired glucose tolerance, and diabetic values by the World Health Organization (WHO) criteria were all predictive of future NODAT. Although our study also captured information regarding hyperglycemia in the early posttransplant period-the day of admission to the day of hospital discharge-we did not evaluate those data separately. Rather, we found that nearly two-thirds of patients with no previous history of diabetes develop inpatient hyperglycemia during hospitalization, between transplantation and hospital discharge (8) , and that hyperglycemia during this period increases risk of NODAT. An additional difference is that our cohort included both patients prescribed and not prescribed maintenance prednisone. The independent effect of maintenance prednisone on NODAT is reported (Table 4) . To understand the importance of inpatient hyperglycemia as a potential independent risk factor for development of NODAT and other complications, we defined inpatient hyperglycemia in two ways: (1) inpatient hyperglycemia at anytime posttransplant during the hospitalization or (2) inpatient hyperglycemia on day of discharge. We observed that, regardless of our definition, inpatient hyperglycemia conferred increased risk of NODAT (Table 5) . Cumulative inpatient insulin dose was also associated with a higher risk of developing NODAT. Those patients with greater insulin requirements could represent individuals with higher degrees of insulin resistance, more advanced beta cell impairment in synthesis or secretion of insulin, or persons with greater susceptibility to the diabetogenic action of immunosuppressant therapy. Future studies exploring mechanistic pathways (possibly including changes in insulin sensitivity, insulin secretion, hepatic glucose production, and skeletal remodeling) may further our understanding of why inpatient hyperglycemia occurs and by what path it may progress to NODAT. To our knowledge, the relationship between race/ethnicity and inpatient hyperglycemia risk has not been studied either in general or in the newly transplanted, hospitalized patient. It is possible that a race/ethnicity effect was not observed because of the low representation of high risk ethnic diabetes groups or because other factors (such as stress and immunosuppresants) were more powerful factors and superseded the risk imposed by race ethnicity.
Because of the high risk inpatient hyperglycemia poses for development of NODAT, identification of patients while still in the hospital should allow construction of a patient cohort for prospective clinical trials to test interventions that might reduce the development of the disease during the follow-up period. Additionally, this also justifies the resources utilized toward diabetes education during their inpatient stay. Although transplant patients have not been included in T2DM prevention studies, intensive lifestyle interventions can delay or prevent the onset of T2DM in adults who are not transplant recipients (15) (16) (17) (18) . The kidney transplant population-and perhaps all Hyperglycemia (prescription of insulin or random blood sugar Ͼ 200 mg/ dl) on the day of hospital discharge patients undergoing solid organ transplantation-may benefit from similar strategies designed to prevent onset of NODAT. Additionally, the inpatient setting is an optimal place for early recognition and treatment of hyperglycemia and to begin efforts to educate the patient in the self-management skills that may be utilized in the outpatient arena (19) . There are some limitations to our study. First, our electronic database information used to define inpatient hyperglycemia does not necessarily distinguish between a preprandial versus a postprandial bedside glucose. However, ADA guidelines recommend no excursions of glucose Ͼ 200 mg/dl, even after meals, so our definition of hyperglycemia is consistent with that of the ADA (20) . Additionally, a recent recommendation defines inpatient hyperglycemia as a glucose Ͼ 140 mg/dl (21) . Hence, our cut-off of Ն200 mg/dl may under-represent the number of patients with inpatient hyperglycemia. Second, we used a composite criterion to define development of NODAT (fasting venous glucose Ն 126 mg/dl or HbA1C Ն 6.5% or administration of therapy for diabetes). HbA1C Ն 6.5% as a diagnostic criteria for diabetes is now a standard diagnostic criterion (11) . Our composite definition of NODAT includes criteria used for clinical care.
In conclusion, our analysis found that inpatient hyperglycemia after kidney transplantation significantly increases the risk of NODAT. We also found that NODAT significantly increases the risk of cardiovascular events in the first year after transplantation. Whether hyperglycemia increases risk of future NODAT in recipients of other solid organs will need to be studied in those models. In the kidney transplant model, further studies will be necessary to understand the mechanisms by which inpatient posttransplant hyperglycemia develops and how it progresses to NODAT. Finally, the finding that inpatient hyperglycemia confers elevated risk of NODAT should allow design and testing of strategies to prevent NODAT in high-risk patients and may be the next logical step in prevention of this serious complication of kidney transplantation.
